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Clinical PerspectiveWhat Is New?Uncoupling protein 2 (UCP2) is downregulated during myointimal hyperplasia after vascular injury and proliferation of vascular smooth muscle cells.Overexpression of UCP2 inhibits myointimal hyperplasia in balloon‐injured artery and in‐stent stenosis of coronary artery.UCP2 inhibits vascular smooth muscle cell proliferation and migration by decreasing the production of superoxide and inhibiting the nuclear factor ‐κB pathway.What Are the Clinical Implications?UCP2 is a novel target for the prevention and treatment of in‐stent restenosis.Agents that increase the expression of UCP2 could be helpful in preventing the myointimal hyperplasia after percutaneous coronary interventions.

Introduction {#jah32641-sec-0008}
============

Restenosis after angioplasty and stent implantation has been historically considered a limitation in percutaneous coronary interventions.[1](#jah32641-bib-0001){ref-type="ref"} The rates of in‐stent restenosis in current clinical practice remain \>10%, despite the introduction of drug‐eluting stents in complex lesions.[2](#jah32641-bib-0002){ref-type="ref"} A recent report demonstrated that 5.3% of patients need target‐lesion revascularization at 6 years after drug‐eluting stent implantation.[3](#jah32641-bib-0003){ref-type="ref"} Vascular smooth muscle cells (SMCs), essential components of the vascular wall, are able to dedifferentiate to a proliferative or synthetic phenotype in response to vessel injury and play a critical role in vascular repair.[4](#jah32641-bib-0004){ref-type="ref"} Excessive proliferation of vascular SMCs is a critical step for myointimal hyperplasia, which has been viewed as the pathologic basis of restenosis.[5](#jah32641-bib-0005){ref-type="ref"}, [6](#jah32641-bib-0006){ref-type="ref"} In addition to in‐stent restenosis, neointima hyperplasia is also a major contributor to arteriovenous fistula failure in patients undergoing hemodialysis, which is still a huge clinical problem.[7](#jah32641-bib-0007){ref-type="ref"}

Mitochondria, the powerhouse of cells, gain a central role in the regulation of cell proliferation during evolution.[8](#jah32641-bib-0008){ref-type="ref"} Mitochondrial electron transport chain plays an essential role in cell proliferation, and its inhibition arrests the cell cycle.[9](#jah32641-bib-0009){ref-type="ref"} During electron transfer, the electron transport chain pumps protons into the intermembrane space of mitochondria and regulates reactive oxygen species (ROS) production and mitochondrial membrane potential (ΔΨm).[10](#jah32641-bib-0010){ref-type="ref"} It has been reported that SMCs with hyperpolarization of ΔΨm temporally acquire a high proliferative rate and resistance to apoptosis, whereas prevention of ΔΨm hyperpolarization facilitates apoptosis and suppresses SMC proliferation.[11](#jah32641-bib-0011){ref-type="ref"} This evidence suggests that targeting ΔΨm may be a novel strategy for the prevention of restenosis.

In this study, we aimed to screen a critical gene for vascular SMC proliferation among the genes involved in mitochondrial energy metabolism and to test its myointima‐suppressing effects in a variety of preclinical animal models of vascular injury.

Methods {#jah32641-sec-0009}
=======

Mouse Carotid Artery Ligation Model {#jah32641-sec-0010}
-----------------------------------

All experimental procedures were approved by the Institutional Animal Care and Use Committee and the Ethic Committee of Chengdu Military General Hospital (Chengdu, Sichuan, China). Uncoupling protein 2 gene knockout (*Ucp2* ^−/−^) mice were purchased. Littermate wild‐type (WT) mice (C57BL/6 background) were used as controls. Eight‐week‐old male mice, housed under a 12‐hour/12‐hour day/night cycle, with ad libitum food and water, were used for experiments. Complete left common carotid artery ligation was performed using aseptic techniques, as previously described.[12](#jah32641-bib-0012){ref-type="ref"} Mice were given either normal drinking water or water supplemented with 1 mmol/L 4‐hydroxy‐2,2,6,6‐tetramethyl‐piperidinoxyl (TEMPOL). At the end of experiments, mice were deeply anesthetized with pentobarbital (100 mg/kg) and perfused with saline. For histological analysis, mice were fixed with perfusion.

Rat and Rabbit Carotid Artery Balloon Injury Model {#jah32641-sec-0011}
--------------------------------------------------

Sprague‐Dawley rats, weighing 250 to 300 g, and New Zealand rabbits, weighing ≈2 kg, were purchased, and left carotid arteries were injured using a 2F (for rat) or 3F (for rabbit) Fogarty balloon catheter.[13](#jah32641-bib-0013){ref-type="ref"}, [14](#jah32641-bib-0014){ref-type="ref"} For gene transfer, 30 μL (for rat) or 50 μL (for rabbit) adenovirus, with a titer of 10^11^ plaque‐forming units/mL, expressing UCP2 and green fluorescent protein (GFP; Ad‐UCP2) or GFP alone (Ad‐GFP), was injected into the balloon‐injured common carotid artery via the external carotid artery immediately after injury and incubated for 30 minutes.

Minipig Coronary Artery In‐Stent Stenosis Model {#jah32641-sec-0012}
-----------------------------------------------

Male Guizhou minipigs (40--50 kg) were used. Pig coronary stenting was performed, as previously described.[15](#jah32641-bib-0015){ref-type="ref"} After stent implantation, a local drug infusion balloon catheter (ClearWay RX)[16](#jah32641-bib-0016){ref-type="ref"} was inserted into the stented segment. A total of 500 μL of Ad‐UCP2 or Ad‐GFP (10^11^ plaque‐forming units/mL) diluted to 1 mL in saline was infused to inflate the balloon and held for 90 seconds. Pigs received follow‐up coronary angiography via carotid artery at 3 months after procedure.

Transcriptome Array {#jah32641-sec-0013}
-------------------

Mice at 3 days after procedure were euthanized, and the ligated and contralateral unligated carotid arteries were isolated and stored in RNA‐later at −80°C. Total RNA was transcribed to cDNA, then synthesized into cRNA and labeled with cyanine‐3‐CTP. The microarray (SurePrint G3 Mouse GE 8×60K Microarrays) was performed, and the data were processed with Feature Extraction software (version 10.7.1.1). The total data set included 3 biological replicates for both groups. Each sample consisted of 3 mouse carotid arteries.

Pathological Characteristics {#jah32641-sec-0014}
----------------------------

Carotid arteries, saphenous veins, and segments distal to the stented porcine coronary arteries were dehydrated, embedded, divided into sections, and affixed to slides. Six serial sections from each animal were used for staining. Stented porcine coronary arteries were embedded in methyl methacrylate and cut at a thickness of 80 μm using a hard tissue slicer with a rotating diamond‐coated saw (SP1600). Sections were rehydrated and stained with hematoxylin and eosin.

Immunohistochemistry {#jah32641-sec-0015}
--------------------

Six serial sections from each animal were used for staining. Tissue sections and chamber slides with a monolayer of cells were subjected to citric acid antigen retrieval, and endogenous peroxidase activity was inhibited by incubation with 3% hydrogen peroxide. After being blocked, sections were incubated overnight at 4°C with primary antibodies against SM α‐actin, Ki67, nuclear factor‐κB (NF‐κB) p65, and UCP2. Sections were then incubated with horseradish peroxidase--conjugated secondary antibody. Optimal visualization of staining was achieved using diaminobenzidine or aminoethyl carbazole detection kits. Sections were counterstained with Mayer hematoxylin.

Immunofluorescence {#jah32641-sec-0016}
------------------

Frozen sections of vessel or chamber slides with a monolayer of cells were fixed, blocked, and incubated at 4°C with rabbit anti--NF‐kB p65 overnight. The p65 was visualized with Alexa Fluor 594--conjugated secondary antibody. Cell nuclei were stained with 4',6‐diamidino‐2‐phenylindole.

Superoxide Assay {#jah32641-sec-0017}
----------------

Fresh‐frozen sections of vessel or chamber slides with a monolayer of cells were incubated in the dark with dihydroethidium. Images were acquired by using an inverted fluorescence microscope outfitted with a rhodamine filter set.[17](#jah32641-bib-0017){ref-type="ref"}

Cell Culture {#jah32641-sec-0018}
------------

Human aortic SMCs (HA‐SMCs) were grown in medium 231 with SM growth supplement. Cells in passages 4 to 10 were used. For the knockdown of UCP2, cells were transfected with 20 nmol/L of UCP2‐specific siRNA or negative control siRNA by using Lipofectamine RNAiMAX Transfection Reagent. For overexpression of UCP2, HA‐SMCs were infected with Ad‐UCP2 or Ad‐GFP (10^11^ plaque‐forming units/mL). For specific purposes, 20 ng/mL of recombined human platelet‐derived growth factor (PDGF) or 10 μmol/L of BAY 11‐7085 was used to treat cells. The phenotype of SMCs passaged \>5 times may be switched from contractile to synthetic form, which may be a limitation of this study.

Cell Migration and Proliferation Assay {#jah32641-sec-0019}
--------------------------------------

Cell migration assay was performed using a scratch wound healing assay. Cell proliferation was measured using a cell counting kit.

Real‐Time Polymerase Chain Reaction {#jah32641-sec-0020}
-----------------------------------

Real‐time polymerase chain reaction was performed using One Step SYBR Prime Scrip RT‐PCR Kit II. The relative amount of mRNA was calculated by 2^−ΔΔCT^ and was normalized to a housekeeping gene, 18s rRNA. Each sample was run and analyzed in triplicate.

Antibody Array {#jah32641-sec-0021}
--------------

Antibody array was performed with Human PDGF Phospho Antibody Array, according to the manufacturer\'s instructions. Three biological replicates were included in each group.

Western Blotting {#jah32641-sec-0022}
----------------

Extracted protein (40 µg) was separated and transferred to polyvinylidene difluoride membranes. Membranes were blocked and incubated with primary antibodies against UCP2, PDGF, IκB, phosphorylated IκB, IκB kinase (IKK), phosphorylated IKK, p65, p50, SM myosin heavy chain, calponin, SM α‐actin, GAPDH, and histone H3. After incubation with horseradish peroxidase--conjugated secondary antibodies, chemiluminescence detection reagent was added onto the membranes. The luminescent signal was detected by exposure to x‐ray film.

ΔΨm Measurement {#jah32641-sec-0023}
---------------

A 5,5′,6,6′‐tetrachloro‐1,1′,3,3′‐tetraethylbenzimidazolylcarbocyanine iodide (JC‐1) assay kit was used to measure ΔΨm, according to the manufacturer\'s instructions. The increases in the ratios between fluorescence intensity in the red and green channels were interpreted as an increase in ΔΨm.

NF‐κB p65 Transcription Factor Assay {#jah32641-sec-0024}
------------------------------------

Nuclear fractions of SMCs were isolated, and the bound NF‐κB was detected using NF‐κB p65 Transcription Factor Assay Kit.

Human Saphenous Vein Culture Ex Vivo {#jah32641-sec-0025}
------------------------------------

The experiment conformed to the principles outlined in the Declaration of Helsinki. Written informed consent and approval from the Ethics Committee of Chengdu Military General Hospital were obtained before tissue collection. Leftover human saphenous vein tissue from surgery was collected and cultured, as previously described.[12](#jah32641-bib-0012){ref-type="ref"} After incubation for 2 weeks, tissue explants were fixed and embedded in paraffin, and the paraffin sections were stained with hematoxylin and eosin and Verhoeff--Van Gieson stain.

Statistical Analysis {#jah32641-sec-0026}
--------------------

Continuous data are presented as mean±SEM. Normality was tested with the Kolmogorov‐Smirnov test. Comparisons among groups were determined by analysis of variance with post hoc Tukey honestly significant difference test, whereas statistically significant differences between 2 groups were determined by using the Student *t* test. The nonparametric Mann‐Whitney *U* test was used if data were not normally distributed. To compare means that involve 2 factors, we performed 2‐way ANOVA. *P*\<0.05 was considered statistically significant. See Data [S1](#jah32641-sup-0001){ref-type="supplementary-material"} for further details.

Results {#jah32641-sec-0027}
=======

UCP2 Is Decreased During Myointimal Formation {#jah32641-sec-0028}
---------------------------------------------

Myointimal formation was induced by ligating the mouse left carotid artery. Three days after the procedure, the ligated carotid artery and the contralateral unligated artery were harvested for transcriptome array. Among 84 genes involved in the regulation of mitochondrial function, 6 were significantly upregulated, whereas 9 genes were downregulated in ligated carotid arteries compared with unligated arteries (Figure [1](#jah32641-fig-0001){ref-type="fig"}A). Notably, *Ucp2* was the most significantly increased gene on day 3 after carotid artery ligation (Figure [1](#jah32641-fig-0001){ref-type="fig"}A). To confirm the change of *Ucp2* expression in ligated arteries, we measured the mRNA by quantitative polymerase chain reaction. Interestingly, the mRNA of *Ucp2* was transiently increased during the first 3 days after procedure. However, it was significantly decreased to lower than the baseline level after 7 days of ligation (Figure [1](#jah32641-fig-0001){ref-type="fig"}B), during which time myointima developed remarkably. Likewise, the protein level of UCP2 was also decreased at days 7, 14, and 21 after ligation (Figure [1](#jah32641-fig-0001){ref-type="fig"}C). The transient increase of *Ucp2* at day 3 after ligation was able to be inhibited by treatment with antioxidant TEMPOL (Figure [S1](#jah32641-sup-0001){ref-type="supplementary-material"}). The downregulation of *Ucp2* at day 14 after ligation was also confirmed by comparing with carotid arteries from mice that received sham surgery rather than contralateral artery surgery (Figure [S2](#jah32641-sup-0001){ref-type="supplementary-material"}). As shown by immunohistochemistry, the upregulation of UCP2 at day 3 and the downregulation at day 14 primarily occurred in the medial layer of carotid artery (Figure [S3](#jah32641-sup-0001){ref-type="supplementary-material"}). It has been recognized that PDGF is a key mediator for medial SMC migration and proliferation after vessel injury. Because PDGF was significantly upregulated in ligated arteries (Figure [1](#jah32641-fig-0001){ref-type="fig"}D), the recombined PDGF was used to stimulate cultured SMCs in vitro. Both the mRNA (Figure [1](#jah32641-fig-0001){ref-type="fig"}E) and protein (Figure [1](#jah32641-fig-0001){ref-type="fig"}F) levels of UCP2 in cultured HA‐SMCs were gradually decreased after treatment with recombined PDGF, without an initial, temporary upregulation that occurred in vivo. The decrease of UCP2 level in PDGF‐treated cells was confirmed by immunohistochemistry staining (Figure [S4](#jah32641-sup-0001){ref-type="supplementary-material"}A). To evaluate the basic function of UCP2 (decreasing ΔΨm), we measured the ΔΨm of SMCs by staining with JC‐1, which revealed a significant increase in the red (high ΔΨm) to green (low ΔΨm) ratio in PDGF‐treated SMCs when compared with control cells (Figure [1](#jah32641-fig-0001){ref-type="fig"}G and [1](#jah32641-fig-0001){ref-type="fig"}H). Moreover, superoxide was increased in PDGF‐treated SMCs, indicating the function of UCP2 was decreased along with the reduced expression (Figure [S4](#jah32641-sup-0001){ref-type="supplementary-material"}B). Because UCP2 was substantially changed, along with the vessel injury and proliferation of SMCs, it is worth testing the effects of UCP2 on myointimal hyperplasia.

![Uncoupling protein 2 (UCP2) is involved in myointimal hyperplasia and vascular smooth muscle cell (SMC) proliferation. A, Heat map of transcriptome array comparing expression of genes involved in the regulation of mitochondrial function between ligated and contralateral unligated mouse carotid arteries harvested 3 days after the procedure. n=3. B and C, mRNA and protein expression levels of UCP2 in unligated and ligated mouse carotid arteries at different time points after the procedure were measured by quantitative real‐time polymerase chain reaction and Western blot, respectively. n=5 for mRNA, n=3 for protein. \**P*\<0.05, \*\**P*\<0.01 vs control. D, Protein expression of platelet‐derived growth factor (PDGF) in unligated and ligated mouse carotid arteries 3 days after procedure. n=3. \*\**P*\<0.01 vs unligated. E and F, mRNA and protein expression of UCP2 in human aortic SMCs treated with or without human recombined PDGF for 24 and 48 hours. n=6 for mRNA, n=4 for protein. \**P*\<0.05, \*\**P*\<0.01 vs control (0 hour). G, JC‐1 staining of SMCs treated with or without PDGF for 48 hours. JC‐1 monomers emit green fluorescence, whereas J‐aggregates emit orange‐red fluorescence. Bar=50 μm. H, Mitochondrial membrane potential (ΔΨm) was evaluated with green (low ΔΨm) to red (high ΔΨm) fluorescence. n=6 independent experiments. \*\**P*\<0.01 vs control.](JAH3-6-e002641-g001){#jah32641-fig-0001}

UCP2 Ablation Exacerbates Myointimal Hyperplasia {#jah32641-sec-0029}
------------------------------------------------

The *Ucp2* ^−/−^ mice and WT littermates underwent ligation of left carotid arteries to await myointima development. Histological measurement was performed on days 7, 14, 21, and 28 after ligation on the basis of hematoxylin and eosin staining, which showed that the overt neointima was developed after 14 days in both strains of mice (Figure [2](#jah32641-fig-0002){ref-type="fig"}A). Interestingly, neointima hyperplasia was exacerbated in *Ucp2* ^−/−^ mice when compared with WT littermates, whereas the medial layer thickness was similar between the 2 strains of mice (Figure [2](#jah32641-fig-0002){ref-type="fig"}A and [2](#jah32641-fig-0002){ref-type="fig"}B, Figure [S5](#jah32641-sup-0001){ref-type="supplementary-material"}A through [S5](#jah32641-sup-0001){ref-type="supplementary-material"}E). Because UCP2 ablation causes vascular remodeling by excessively producing ROS,[18](#jah32641-bib-0018){ref-type="ref"} we treated another cohort of mice with antioxidant TEMPOL in drinking water. The ligated arteries from *Ucp2* ^−/−^ mice displayed a higher level of ROS than WT mice (Figure [2](#jah32641-fig-0002){ref-type="fig"}C), which is in good correspondence with our previous study indicating increased ROS in aortas from high‐salt diet--fed *Ucp2* ^−/−^ mice.[17](#jah32641-bib-0017){ref-type="ref"} As expected, ROS production was suppressed by TEMPOL treatment in both WT and *Ucp2* ^−/−^ mice (Figure [2](#jah32641-fig-0002){ref-type="fig"}C and [2](#jah32641-fig-0002){ref-type="fig"}D). More important, oral administration with TEMPOL abolished the difference in neointima formation between *Ucp2* ^−/−^ and WT mice (Figure [2](#jah32641-fig-0002){ref-type="fig"}E and [2](#jah32641-fig-0002){ref-type="fig"}F, Figure [S6](#jah32641-sup-0001){ref-type="supplementary-material"}A through [S6](#jah32641-sup-0001){ref-type="supplementary-material"}E), indicating that knockout of UCP2 exacerbates neointimal hyperplasia by overproducing ROS. The immunostaining of Ki67, which indicates cell proliferation, in ligated carotid arteries was concentrated in the neointimal area, closer to the lumen (Figure [2](#jah32641-fig-0002){ref-type="fig"}G). The number of Ki67‐positive cells was more abundant in *Ucp2* ^−/−^ mice than WT littermates (Figure [2](#jah32641-fig-0002){ref-type="fig"}G and [2](#jah32641-fig-0002){ref-type="fig"}H), which is in correspondence with the degree of neointimal hyperplasia. Moreover, TEMPOL treatment significantly decreased the number of Ki67‐positive cells in both strains (Figure [2](#jah32641-fig-0002){ref-type="fig"}G and [2](#jah32641-fig-0002){ref-type="fig"}H). In contrast, the terminal deoxynucleotidyl transferase‐mediated dUTP nick‐end labeling--positive cells, which depict apoptosis, were few within the intima and similar between WT and *Ucp2* ^−/−^ mice (Figure [S7](#jah32641-sup-0001){ref-type="supplementary-material"}A and [S7](#jah32641-sup-0001){ref-type="supplementary-material"}B). Because endothelial function plays an important role in neointimal development, we tested acetylcholine‐induced relaxation of ligated carotid arteries. The results showed that endothelium‐dependent relaxation in ligated arteries was significantly impaired 3 days after ligation when compared with unligated groups; it was almost recovered on days 7 and 14 (Figure [S8](#jah32641-sup-0001){ref-type="supplementary-material"}A through [S8](#jah32641-sup-0001){ref-type="supplementary-material"}C). However, there was no difference in the vasorelaxation between *Ucp2* ^−/−^ mice and WT littermates (Figure [S8](#jah32641-sup-0001){ref-type="supplementary-material"}A through [S8](#jah32641-sup-0001){ref-type="supplementary-material"}C). These findings suggest that UCP2 deficiency likely enhances myointimal hyperplasia through ROS‐dependent SMC proliferation, rather than improving endothelial function.

![Uncoupling protein 2 (UCP2) ablation exacerbates mouse carotid artery ligation‐induced myointimal hyperplasia. A, Hematoxylin and eosin (H&E)‐stained sections of ligated carotid arteries from *Ucp2* ^−/−^ mice and wild‐type (WT) littermates 7, 14, 21, and 28 days after ligation. Bar=50 μm. B, Intima/media ratio of ligated arteries. n=8. \**P*\<0.05, \*\**P*\<0.01. C, Dihydroethidium (DHE)‐stained frozen sections of ligated carotid arteries from *Ucp2* ^−/−^ and WT mice treated with or without 4‐hydroxy‐2,2,6,6‐tetramethyl‐piperidinoxyl (TEMPOL) in drinking water (1 mmol/L) for 21 days. Bar=50 μm. D, Quantification of DHE fluorescence intensity. n=6. \*\**P*\<0.01 vs WT‐control; ^\#^ *P*\<0.05, ^\#\#^ *P*\<0.01 vs isogenic mice treated without TEMPOL. E, H&E‐stained sections of ligated carotid arteries from mice treated with or without TEMPOL. Bar=50 μm. F, Intima/media ratio of ligated arteries. n=8 in each group. \*\**P*\<0.01. G, Immunohistochemistry staining of Ki67 (brown) in sections of ligated carotid arteries from mice treated with or without TEMPOL. Bar=50 μm. H, Percentage of Ki67‐positive cells within neointima. n=8. \**P*\<0.05, \*\**P*\<0.01.](JAH3-6-e002641-g002){#jah32641-fig-0002}

UCP2 Suppresses SMC Proliferation and Migration {#jah32641-sec-0030}
-----------------------------------------------

Next, we asked whether UCP2 influences SMC proliferation and migration in vitro. The UCP2 expression was knocked down in HA‐SMCs using specific siRNA (Figure [3](#jah32641-fig-0003){ref-type="fig"}A). The SMC migration was characterized by scratch assay and expressed as recovered area. UCP2 knockdown exacerbated PDGF‐induced SMC migration, which was attenuated by treatment with TEMPOL (Figure [3](#jah32641-fig-0003){ref-type="fig"}B and [3](#jah32641-fig-0003){ref-type="fig"}C). PDGF‐induced cell proliferation was also enhanced by UCP2 knockdown, whereas TEMPOL significantly inhibited the proliferation of SMCs treated with or without UCP2‐siRNA (Figure [3](#jah32641-fig-0003){ref-type="fig"}D). We used a second siRNA probe to knock down the UCP2, which yielded similar results (Figures [S9](#jah32641-sup-0001){ref-type="supplementary-material"} and [S10](#jah32641-sup-0001){ref-type="supplementary-material"}). Then, the UCP2 was overexpressed by adenovirus‐mediated gene transfer (Figure [3](#jah32641-fig-0003){ref-type="fig"}E). As expected, both the migration and proliferation of HA‐SMCs were suppressed by overexpression of UCP2 (Figure [3](#jah32641-fig-0003){ref-type="fig"}F and [3](#jah32641-fig-0003){ref-type="fig"}G). The expression levels of SMC contractile markers, including SM myosin heavy chain, SM α‐actin, and calponin, were decreased in primarily cultured aortic SMCs from *Ucp2* ^−/−^ mice when compared with those from WT mice, which can be partly reversed by overexpression of UCP2 with Ad‐UCP2 (Figure [S11](#jah32641-sup-0001){ref-type="supplementary-material"}).

![Uncoupling protein 2 (UCP2) suppresses smooth muscle cell (SMC) proliferation and migration. A, Protein expression of UCP2 in cultured human aortic SMCs transfected with UCP2‐specific and control‐negative siRNA. n=3 independent experiments. \*\**P*\<0.01 vs negative siRNA. B, SMC migration was evaluated by scratch assay. UCP2‐specific and negative siRNA‐transfected SMCs were cultured in monolayer to confluency, scratched with a sterile 200‐μL pipette tip, and treated with or without 4‐hydroxy‐2,2,6,6‐tetramethyl‐piperidinoxyl (TEMPOL; 1 mmol/L). Images were taken after 24 hours. Yellow lines outline the area without cells. C, Recovered area was calculated based on B. \*\**P*\<0.01 vs control cells transfected with the same siRNA; ^\#\#^ *P*\<0.01 vs platelet‐derived growth factor (PDGF)‐BB--treated cells transfected with UCP2‐specific siRNA; ^++^ *P*\<0.01 vs PDGF‐BB--treated cells transfected with negative siRNA. n=6 independent experiments. D, SMC proliferation was measured using a colorimetric assay kit (CCK‐8). UCP2‐specific and negative siRNA‐transfected SMCs were treated with or without TEMPOL and incubated with CCK‐8 reagent for 24 hours; then, the absorbance at 450 nm was read using a microplate reader. n=6 independent experiments. \**P*\<0.05, \*\**P*\<0.01 vs control cells transfected with the same siRNA; ^\#\#^ *P*\<0.01 vs PDGF‐BB--treated cells transfected with the same siRNA; ^++^ *P*\<0.01 vs PDGF‐BB--treated cells transfected with negative siRNA. E, Protein expression of UCP2 in SMCs transfected with adenovirus expressing UCP2 and green fluorescent protein (GFP; Ad‐UCP2) or GFP alone (Ad‐GFP). n=3. \*\**P*\<0.01 vs Ad‐GFP. F and G, Migration and proliferation of Ad‐UCP2-- or Ad‐GFP--transfected SMCs treated with PDGF‐BB for 24 hours. n=8. \*\**P*\<0.01 vs Ad‐GFP.](JAH3-6-e002641-g003){#jah32641-fig-0003}

UCP2 Inhibits NF‐κB {#jah32641-sec-0031}
-------------------

We attempted to reveal the underlying mechanisms by which UCP2 suppresses SMC proliferation. Because PDGF signaling has been considered the major pathway involved in SMC proliferation, we performed a protein array by detecting the total and phosphorylated proteins related to the PDGF pathway using 195 highly specific antibodies. The results showed that overexpression of UCP2 in HA‐SMCs significantly downregulated 8 phosphorylated and 2 total proteins, among which 3 belong to NF‐κB pathway (Figure [4](#jah32641-fig-0004){ref-type="fig"}A). Immunoblotting showed that UCP2 knockdown increased the protein level of both cytoplasmic and nuclear p65 in HA‐SMCs (Figure [4](#jah32641-fig-0004){ref-type="fig"}B and [4](#jah32641-fig-0004){ref-type="fig"}C). Similarly, immunostaining demonstrated that the PDGF‐induced increase in NF‐κB p65 was augmented by UCP2 knockdown, whereas either TEMPOL or NF‐κB inhibitor BAY 11‐7085 was able to decrease the level of p65 in SMCs treated with UCP2‐specific siRNA or negative control siRNA (Figure [4](#jah32641-fig-0004){ref-type="fig"}D and [4](#jah32641-fig-0004){ref-type="fig"}E). Western blot confirmed that BAY 11‐7085 decreased the expression of phosphorylated IκB and IKK with or without UCP2 siRNA (Figure [S12](#jah32641-sup-0001){ref-type="supplementary-material"}). The transcription activity of NF‐κB p65 in nuclear extracts was measured by detecting its response element binding ability. This ELISA showed an enhanced transcription activity of p65 in SMCs with UCP2 knockdown when compared with that in control cells; this difference was abolished by treatment with TEMPOL or BAY 11‐7085 (Figure [4](#jah32641-fig-0004){ref-type="fig"}F). Interestingly, BAY 11‐7085 also abolished UCP2 knockdown‐induced increase in SMC proliferation (Figure [4](#jah32641-fig-0004){ref-type="fig"}G). In addition, the NF‐κB p65 level was increased in *Ucp2* ^−/−^ neointima when compared with WT artery in vivo (Figure [4](#jah32641-fig-0004){ref-type="fig"}H). These results suggest that UCP2 may inhibit SMC proliferation through the NF‐κB pathway.

![Uncoupling protein 2 (UCP2) inhibits nuclear factor‐κB (NF‐κB). A, Protein phosphorylation array showing the different expression profile related to the platelet‐derived growth factor (PDGF) pathway between PDGF‐stimulated human aortic smooth muscle cells (SMCs) transfected with adenovirus expressing UCP2 (Ad‐UCP2) and green fluorescent protein (GFP) alone (Ad‐GFP). B, Protein expression of NF‐κB p65 in cytoplasmic and nuclear extracts from PDGF‐treated SMCs transfected with Ad‐UCP2 or Ad‐GFP. p65, 65 kDa; GAPDH, 37 kDa; H3, 18 kDa. C, Quantification for the expression of cytoplasmic and nuclear p65 normalized by GAPDH and H3, respectively. n=6 independent experiments. \**P*\<0.05. D, Immunofluorescence staining of p65 (red) in SMCs transfected with UCP2‐specific or negative siRNA. Cells were treated with or without PDGF (20 ng/mL), 4‐hydroxy‐2,2,6,6‐tetramethyl‐piperidinoxyl (TEMPOL; 1 mmol/L), and NF‐κB inhibitor BAY 11‐7085 (10 μmol/L) for 24 hours before staining. Cell nuclei were counterstained with 4',6‐diamidino‐2‐phenylindole (DAPI; blue). E, Quantification of NF‐κB p65 level was expressed as immunofluorescence intensity normalized by DAPI. n=6 independent experiments. \**P*\<0.05, \*\**P*\<0.01. F, NF‐κB p65 transcription activity was measured using an ELISA kit. Nuclear extract of cells treated as in D was added into a plate that was immobilized with NF‐κB response element. The p65 was detected with a specific primary antibody and a secondary antibody conjugated to horseradish peroxidase. After adding developing reagents, absorbance at 450 nm was read using a microplate reader. n=6 independent experiments. \*\**P*\<0.01. G, Proliferation of siRNA‐transfected SMCs treated with PDGF and BAY 11‐7085 for 24 hours was measured using CCK‐8. n=4 independent experiments. H, Immunofluorescence staining of p65 (red) in frozen sections of ligated carotid arteries from *Ucp2* ^−/−^ and wild‐type (WT) mice. Cell nuclei were counterstained with DAPI (blue). Bar=50 μm.](JAH3-6-e002641-g004){#jah32641-fig-0004}

UCP2 Ameliorates Balloon Injury--Induced Myointima Hyperplasia {#jah32641-sec-0032}
--------------------------------------------------------------

We tested the effects of local delivery of adenovirus expressing UCP2 on balloon injury--induced myointima hyperplasia in rat and rabbit carotid arteries. The decrease of UCP2 level was confirmed in rabbit balloon‐injured carotid arteries (Figure [S13](#jah32641-sup-0001){ref-type="supplementary-material"}). Western blot of GFP showed that the overexpression lasted at least 3 weeks and then decreased at week 4 after delivery by adenovirus (Figure [S14](#jah32641-sup-0001){ref-type="supplementary-material"}A). In addition, the GFP was not detected in other major organs, including heart, lung, kidney, and liver (Figure [S14](#jah32641-sup-0001){ref-type="supplementary-material"}B). UCP2 overexpression significantly inhibited the neointima/media ratio in both rat and rabbit injured arteries (Figure [5](#jah32641-fig-0005){ref-type="fig"}A through [5](#jah32641-fig-0005){ref-type="fig"}C). However, the medial layer was not significantly affected (Figures [S15](#jah32641-sup-0001){ref-type="supplementary-material"}A through [S15](#jah32641-sup-0001){ref-type="supplementary-material"}E and [S16](#jah32641-sup-0001){ref-type="supplementary-material"}A through [S16](#jah32641-sup-0001){ref-type="supplementary-material"}E). Reendothelialization, an important factor for neointimal formation, was similar between these 2 groups, on days 7 and 21 after injury (Figure [S17](#jah32641-sup-0001){ref-type="supplementary-material"}A through [S17](#jah32641-sup-0001){ref-type="supplementary-material"}C), indicating that UCP2 does not affect the endothelial recovery, which is similar to the results from mouse experiments. The SM α‐actin immunostaining highlighted the neointimal and medial layers of vessel wall, and the ratio of SM α‐actin--positive area/neointimal area was similar between Ad‐GFP-- and Ad‐UCP2--treated arteries of both rats and rabbits (Figure [5](#jah32641-fig-0005){ref-type="fig"}D through [5](#jah32641-fig-0005){ref-type="fig"}F). Notably, the percentage of Ki67‐positive proliferating cells in myointima of Ad‐UCP2--treated arteries was less than that in Ad‐GFP--treated vessels (Figure [5](#jah32641-fig-0005){ref-type="fig"}G through [5](#jah32641-fig-0005){ref-type="fig"}I). In addition, p65 in myointima was decreased in arteries transfected with Ad‐UCP2 (Figure [S18](#jah32641-sup-0001){ref-type="supplementary-material"}A and [S18](#jah32641-sup-0001){ref-type="supplementary-material"}B).

![Uncoupling protein 2 (UCP2) ameliorates balloon injury‐induced myointima hyperplasia. Carotid arteries of Sprague‐Dawley rats and New Zealand rabbits were injured with a balloon and locally infected with adenovirus expressing green fluorescent protein (GFP) alone (Ad‐GFP) or both UCP2 and GFP. After 21 days, the injured arteries were harvested for staining. A, Hematoxylin and eosin--stained carotid arterial sections. Bar=200 μm. Intima/media ratio of rat (B) and rabbit (C) injured arteries. n=8 animals in each group. \**P*\<0.05. D, Immunohistochemistry staining of smooth muscle (SM) α‐actin. Bar=200 μm. Percentage of SM α‐actin--positive area to neointima of rat (E) and rabbit (F) injured arteries. n=6. G, Immunohistochemistry staining of Ki67. Bar=200 μm. Percentage of Ki67‐positive cells within neointima of rat (H) and rabbit (I) injured arteries. n=6. \*\**P*\<0.01 vs Ad‐GFP.](JAH3-6-e002641-g005){#jah32641-fig-0005}

UCP2 Inhibits In‐Stent Stenosis of Porcine Coronary Arteries {#jah32641-sec-0033}
------------------------------------------------------------

To confirm the effects of UCP2 in coronary arteries, we performed the balloon dilation and implanted a bare‐metal stent in minipig coronary artery, followed by local delivery of adenovirus expressing UCP2 or GFP alone to the stented vascular wall with a local drug infusion balloon (Figure [S19](#jah32641-sup-0001){ref-type="supplementary-material"}). Three months after the procedure, follow‐up coronary angiography showed an obvious stenosis in stented segments infected with Ad‐GFP, whereas there is no detectable stenosis in Ad‐UCP2--transfected segments (Figure [6](#jah32641-fig-0006){ref-type="fig"}A). Neointima formation in the distal edge of stent was decreased in Ad‐UCP2--treated arteries when compared with Ad‐GFP--treated arteries (Figure [6](#jah32641-fig-0006){ref-type="fig"}B). More important, the sections of stented coronary arteries showed a remarkable neointima formation in Ad‐GFP--treated arteries but only minimal neointima in Ad‐UCP2--treated segments (Figure [6](#jah32641-fig-0006){ref-type="fig"}C); the in‐stent stenosis was decreased by UCP2 gene transfer (Figure [6](#jah32641-fig-0006){ref-type="fig"}D).

![Uncoupling protein 2 (UCP2) inhibits in‐stent stenosis in coronary arteries of minipigs. A, Coronary angiography of Guizhou minipigs 3 months after bare‐metal stent implantation. The stented arterial segments were transfected with adenovirus expressing UCP2 and green fluorescent protein (GFP; Ad‐UCP2) or GFP alone (Ad‐GFP) through a local drug infusion balloon catheter. Red arrow indicates stenosis. B, Hematoxylin and eosin (H&E)--stained sections of porcine coronary arteries distal to the stents. Bar=100 μm. C, H&E‐stained sections of stented coronary arteries. Bar=500 μm. D, In‐stent stenosis of coronary arteries transfected with Ad‐GFP or Ad‐UCP2. n=5. \*\**P*\<0.01.](JAH3-6-e002641-g006){#jah32641-fig-0006}

UCP2 Inhibits Neointima Development in Human Saphenous Vein {#jah32641-sec-0034}
-----------------------------------------------------------

The human great saphenous veins, harvested for coronary artery bypass grafting, were cultured ex vivo to await neointima development. Two weeks later, the Ad‐UCP2--treated vein segments developed fewer neointima when compared with segments infected with Ad‐GFP (Figure [7](#jah32641-fig-0007){ref-type="fig"}A and [7](#jah32641-fig-0007){ref-type="fig"}B).

![Uncoupling protein 2 (UCP2) inhibits neointima development in human saphenous vein. A, Hematoxylin and eosin--stained (top panel) and Verhoeff--Van Gieson--stained (bottom panel) sections of adenovirus expressing green fluorescent protein (GFP) alone (Ad‐GFP)-- and UCP2 and GFP (Ad‐UCP2)--transfected human saphenous veins cultured in RPMI 1640 medium plus platelet‐derived growth factor (PDGF; 10 ng/mL). Bar=100 μm. B, Intima/media ratio of cultured human saphenous veins. n=6. \*\**P*\<0.01.](JAH3-6-e002641-g007){#jah32641-fig-0007}

Discussion {#jah32641-sec-0035}
==========

We have identified the function of UCP2 in suppressing vascular SMC proliferation and myointimal hyperplasia through the reduction of ROS and subsequent inhibition of the NF‐κB pathway. We characterized the dynamic changes of UCP2 expression during myointima development and showed that knockout of UCP2 exacerbated neointima formation in ligated mouse carotid arteries. Overexpression of UCP2 inhibited myointima hyperplasia in rat and rabbit balloon‐injured arteries. We also identified NF‐κB as a critical mediator to promote SMC proliferation after knockdown of UCP2. The finding that UCP2 overexpression inhibits in‐stent stenosis of porcine coronary arteries in vivo and neointimal hyperplasia of human saphenous veins ex vivo suggests that UCP2 is a potential target for the treatment of restenosis. Although the role of UCP2 in cell proliferation was already shown in other cell systems previously,[19](#jah32641-bib-0019){ref-type="ref"} this is the first demonstration of its role in neointimal formation with vascular SMCs. A recent study demonstrated that rosiglitazone‐induced inhibition of SMC proliferation is mediated through upregulation of UCP2[20](#jah32641-bib-0020){ref-type="ref"}; however, they did not directly study the function of UCP2 in SMC proliferation and neointima hyperplasia. Mitochondria play an important role in both cell death and proliferation.[21](#jah32641-bib-0021){ref-type="ref"} The loss of ΔΨm is a marker of apoptosis,[22](#jah32641-bib-0022){ref-type="ref"} whereas the hyperpolarized ΔΨm drives cell proliferation.[23](#jah32641-bib-0023){ref-type="ref"} The ΔΨm is tightly regulated by mitochondrial electron transport chain, largely on the basis of metabolic state.[24](#jah32641-bib-0024){ref-type="ref"} UCP2, a proton carrier located in the inner membrane of the mitochondria, mildly uncouples oxidative phosphorylation, resulting in a decrease in ΔΨm.[25](#jah32641-bib-0025){ref-type="ref"} We found that UCP2 was downregulated during myointima formation in vivo and SMC proliferation in vitro. The transient upregulation of UCP2 may be attributable to the inflammation and oxidative stress early after ligation because treatment with TEMPOL abolished this upregulation, which is consistent with previous studies showing that inflammatory cytokines and ROS increased the expression of UCP2.[26](#jah32641-bib-0026){ref-type="ref"}, [27](#jah32641-bib-0027){ref-type="ref"} The early increase in UCP2 could also be a compensatory response against vessel inflammation, which warrants further investigation. However, this phenomenon was not present in cultured SMCs because there were no inflammatory cells in the culture dish. The mechanism for the downregulation of UCP2 is still not clear. It might be attributable to phenotypic switch of SMCs and the related metabolic remodeling. The downregulation of UCP2 affected myointimal development, which is supported by the evidence that ablation of UCP2 exacerbated, whereas overexpression of UCP2 ameliorated, myointimal hyperplasia. The beneficial effects of UCP2 on pulmonary artery have been reported previously. Pak et al demonstrated that knockout of UCP2 worsened the pulmonary vascular remodeling by increasing ΔΨm and ROS production.[28](#jah32641-bib-0028){ref-type="ref"} Another study showed that UCP2‐deficient mice spontaneously developed pulmonary vascular remodeling because of dysfunction in oxygen sensing.[29](#jah32641-bib-0029){ref-type="ref"} Taken together, these studies and the present study are supportive of the beneficial effect of UCP2 in vascular remodeling.

The hyperpolarization of ΔΨm links the overproduction of ROS.[30](#jah32641-bib-0030){ref-type="ref"} The basic function of UCP2 is mild uncoupling and reducing the ROS level. Although a high level of ROS induces apoptosis and promotes cell death, slightly increased ROS stimulate cell proliferation.[8](#jah32641-bib-0008){ref-type="ref"} The TEMPOL, which catalyzes the disproportionation of superoxide, abolished UCP2 ablation‐induced worsening of SMC proliferation and myointimal hyperplasia, suggesting that the antiproliferative effects of UCP2 may be attributable to decreased production of superoxide.

PDGF signal pathway is a major player in SMC proliferation and neointimal hyperplasia after vascular injury.[31](#jah32641-bib-0031){ref-type="ref"} Several transcription factors are activated after treatment with PDGF, including NF‐κB, signal transducers and activators of transcription, c‐Jun, c‐Fos, Elk1, and serum response factor.[32](#jah32641-bib-0032){ref-type="ref"}, [33](#jah32641-bib-0033){ref-type="ref"} After screening the downstream pathway of UCP2 using a protein phosphorylation array, we focused on NF‐κB because the phosphorylated IKKα and IKKβ were most significantly downregulated after overexpression of UCP2. The NF‐κB is a well‐established regulator of cell proliferation and able to be activated by ROS.[34](#jah32641-bib-0034){ref-type="ref"}, [35](#jah32641-bib-0035){ref-type="ref"} We confirmed that the expression of NF‐κB p65 was increased in both proliferative SMCs in vitro and myointima in vivo, and was decreased by overexpression of UCP2 or treatment with TEMPOL. In addition, the DNA binding activity of p65 to NF‐κB response element was also increased after knockdown of UCP2. Furthermore, NF‐κB inhibitor can abolish UCP2 knockdown‐induced SMC proliferation. Taken together, UCP2 inhibits SMC proliferation and myointimal hyperplasia, probably by decreasing superoxide level and subsequently inhibiting NF‐κB activity.

UCP2 is expressed in both endothelial cells and vascular SMCs. Our previous studies demonstrated that UCP2 protects endothelial function from high‐salt diet-- and obesity‐induced damage.[17](#jah32641-bib-0017){ref-type="ref"}, [36](#jah32641-bib-0036){ref-type="ref"} We measured the endothelial function and recovery because they are also involved in the development of neointima.[37](#jah32641-bib-0037){ref-type="ref"} However, there was neither difference in endothelial function between *Ucp2* ^−/−^ and WT mice after ligation of carotid artery nor reendothelialization between Ad‐GFP-- and Ad‐UCP2--infected rat carotid artery. Therefore, the endothelial UCP2 may be less important in the development of neointimal hyperplasia than that in SMCs.

The most exciting part of this study is that UCP2 overexpression by adenovirus‐mediated gene transfer inhibits balloon injury--induced myointimal hyperplasia in rat and rabbit carotid arteries, in‐stent stenosis in swine coronary arteries, and myointimal formation in human saphenous veins. These findings enable our study of translational significance and are complementary to the mouse carotid artery ligation model that does not perfectly mimic the pathophysiological characteristics of restenosis. Especially, the swine model is able to evaluate the effect of UCP2 on the in‐stent stenosis in vivo. The catheter‐based image systems, including quantitative angiography, intravascular ultrasonography, and optical coherence tomography, should be used to quantify the in‐stent stenosis, in addition to histological characteristics. This is a limitation of the current study, which is lack of in vivo quantitative imaging. Adenovirus‐based gene therapy has been used in many clinical trials and will become a novel promising treatment strategy.[38](#jah32641-bib-0038){ref-type="ref"}, [39](#jah32641-bib-0039){ref-type="ref"} However, the delivery system to achieve the overexpression of UCP2 in a targeted vessel is still a challenge. The lesion‐targeted nanoparticles may be useful in delivering antimicroRNAs to upregulate UCP2.[40](#jah32641-bib-0040){ref-type="ref"} The chemical drugs, such as rosiglitazone, that upregulate UCP2 may become candidates for inhibiting restenosis.[41](#jah32641-bib-0041){ref-type="ref"} There was a study that demonstrated that oral administration with rosiglitazone significantly reduces in‐stent restenosis in diabetic patients with coronary artery disease.[42](#jah32641-bib-0042){ref-type="ref"} However, the antidiabetic effects may also contribute to the decreased restenosis. Therefore, the local delivery of rosiglitazone is worth testing in restenosis.

The role of UCP2 in vascular diseases was broadly studied by our group and other groups. UCP2 protects against endothelial dysfunction, vascular remodeling, and atherosclerosis.[17](#jah32641-bib-0017){ref-type="ref"}, [18](#jah32641-bib-0018){ref-type="ref"}, [36](#jah32641-bib-0036){ref-type="ref"}, [43](#jah32641-bib-0043){ref-type="ref"} The present study revealed a novel function of UCP2 in inhibiting myointimal hyperplasia and restenosis after vascular injury. A drug‐eluting stent inhibits restenosis, but it also delays reendothelialization, which causes late and very late in‐stent thrombosis and neoatherosclerosis.[44](#jah32641-bib-0044){ref-type="ref"} However, UCP2 inhibits the development of both restenosis and atherosclerosis[43](#jah32641-bib-0043){ref-type="ref"} and preserves endothelial function, indicating that UCP2 should become an ideal target for inhibiting myointimal hyperplasia and restenosis after vascular injury.
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**Data S1.** Supplemental Experimental Procedures.**Figure S1.** Effects of TEMPOL on the expression of *Ucp2*.**Figure S2.** Expression of *Ucp2* in sham and ligated mouse carotid arteries.**Figure S3**. Expression of UCP2 in ligated mouse carotid arteries.**Figure S4.** PDGF decreasesthe expression and function of UCP2.**Figure S5.** UCP2 ablation exacerbates mouse myointimal hyperplasia.**Figure S6.** TEMPOL abolishes the UCP2 ablation‐exacerbated myointimal hyperplasia. Area within external elastic lamina (EEL) (A), area within internal elastic lamina (IEL) (B), medial layer area (C), intimal layer area (D), and luminal area (E) were calculated based on the H&E‐stained sections of ligated carotid arteries from *Ucp2* ^−/−^ mice and wild‐type (WT) littermates treated with or without TEMPOL. n=8 mice in each group. \*\**P*\<0.01.**Figure S7.** UCP2 ablation does not affect cell apoptosis. (A) Representative images of TUNNEL assay (green color). White arrows indicate positive cells. (B) The quantification of TUNEL‐positive cells within the intima per section. Scale bar: 50 μm. n=8.**Figure S8.** Endothelial function of mouse carotid artery. Acetylcholine (ACh)‐induced relaxation of ligated and unligated carotid arteries from wild‐type (WT) and UCP2 knockout (KO) mice onday 3 (A), day7 (B), and day 14 (C) after the procedure. Arterial rings were pre‐contracted with phenylephrine (Phe). Data are mean±SE of 5 animals. \*\**P*\<0.01 vs WT‐ligated; ^\#\#^ *P*\<0.01 vs KO‐ligated.**Figure S9.** Knockdown of UCP2 promotessmooth muscle cell (SMC) migration. SMC migration was evaluated by scratch assay. UCP2 specific siRNA‐2 (different from the one used in Figure [3](#jah32641-fig-0003){ref-type="fig"}C)‐ and negative siRNA‐transfected SMCs were cultured in monolayer to confluencyand then were scratched witha sterile 200‐μL pipette tip and treated with or without TEMPOL (1 mmol/L). Images taken after 24 hours were used to calculate the recovered area. \*\**P*\<0.01 vs control cells transfected with the same siRNA; ^\#\#^ *P*\<0.01 vs PDGF‐treated cells transfected with UCP2 specific siRNA; ^++^ *P*\<0.01 vs PDGF‐treated cells transfected with negative siRNA. n=9 independent experiments.**Figure S10.** Knockdown of UCP2 promotes smooth muscle cell (SMC) proliferation. SMC proliferation was measured using a colorimetric assay kit (CCK‐8). UCP2 specific siRNA‐2 (different from the one used in Figure [3](#jah32641-fig-0003){ref-type="fig"}D)‐ and negative siRNA‐transfected SMCs were treated with or without TEMPOL, incubated with CCK‐8 reagent for 24 hours, and then the absorbance at 450 nm was read using a microplate reader.\**P*\<0.05, \*\**P*\<0.01 vs control cells transfected with the same siRNA; ^\#\#^ *P*\<0.01 vs PDGF‐treated cells transfected with the same siRNA; ^++^ *P*\<0.01 vs PDGF‐treated cells transfected with negative siRNA. n=8 independent experiments.**Figure S11.** Effects of *Ucp2* overexpression on the expression of smooth muscle markers. The expression of SM MHC, SM α‐actin, and calponin in primarily cultured smooth muscle cells which were isolated from WT and *Ucp2* ^−/−^ mice and infected with Ad‐*Ucp2* transgene to overexpress *Ucp2* (*Ucp2* ^−/−^‐tg). Western blotting gel images (A) and quantitation (B). \**P*\<0.05, \*\**P*\<0.01 vs WT; ^\#^ *P*\<0.05 vs *Ucp2* ^−/−^.**Figure S12.** Expression of IKK/IκB. Western blots of phospho‐IκB, total IκB, p‐IKK, and IKK in HA‐SMCs transfected with UCP2 specific or negative control siRNA (siR) and treated with or without BAY 11‐7085. \**P*\<0.05, \*\**P*\<0.01 vs cells transfected with negative siR; ^\#\#^ *P*\<0.01 vs cells transfected with the same siRNA but treated without BAY 11‐7085.

**Figure S13.** Protein expression of UCP2 in balloon injured rabbit carotid artery. Western blots of UCP2 in lysates from balloon injured and contralateral uninjured rabbit carotid arteries (upper panel) and the quantification of UCP2 level by normalizing to GAPDH. (lower panel). \*\**P*\<0.01 vs uninjured.

**Figure S14.** A, Protein expression of GFP in balloon injured ratcarotid artery in week 1, 2, 3, and 4 post infection with Ad‐GFP‐UCP2. B, Protein expression of GFP in balloon injured ratcarotid artery, heart, kidney, lung, and liver in week 1 post infection with Ad‐GFP‐UCP2.

**Figure S15.** UCP2 ameliorates balloon injury‐induced myointima hyperplasia. Carotid arteries of Sprague--Dawley rats were injured with a balloon and locally infected with adenovirus expressing GFP alone (Ad‐GFP) or both UCP2 and GFP (Ad‐UCP2). Area within external elastic lamina (EEL) (A), area within internal elastic lamina (IEL) (B), medial layer area (C), intimal layer area (D), and luminal area (E) were calculated based on the H&E‐stained sections of injured carotid arteries 21 days after injury and infection. n=8 animals in each group. \**P*\<0.05.

**Figure S16.** UCP2 ameliorates balloon injury‐induced myointima hyperplasia. Carotid arteries of New Zealand rabbits were injured with a balloon and locally infected with adenovirus expressing GFP alone (Ad‐GFP) or both UCP2 and GFP (Ad‐UCP2). Area within external elastic lamina (EEL) (A), area within internal elastic lamina (IEL) (B), medial layer area (C), intimal layer area (D), and luminal area (E) were calculated based on the H&E‐stained sections of injured carotid arteries 21 days after injury and infection. n=8 animals in each group. \**P*\<0.05.

**Figure S17.** Reendothelialization of balloon injured rat carotid artery. A, Representative en face Evans blue staining of rat carotid arteries on day 7 after balloon injury and local Ad‐GFP or Ad‐UCP2 infection. B, Quantification of reendothelialization. n=7 animal in each group. C, Immunohistochemistry staining of CD31 (brown) in rat carotid arteries on day 21 after balloon injury and local Ad‐GFP or Ad‐UCP2 infection. Red arrows indicate positive cells. Scale bar: 200 μm.

**Figure S18.** Expression of p65 in balloon injured artery. Immunohistochemistry staining of NF‐κB p65 in balloon injured rat (A) and rabbit (B) carotid arteries infected with Ad‐GFP or Ad‐UCP2. DAB (brown in A) and AEC (red in B) substrates were used for rat and rabbit artery, respectively. Scale bar: 200 μm.

**Figure S19.** Stent implantation and adenovirus delivery of porcine coronary artery. A, Coronary angiography of Guizhou mini‐pig. B, Balloon dilation of left anterior descending coronary artery. C, Bare metal stent deployment. D, Angiography after stent implantation. E and F, ClearWay local drug infusion balloon in stented segment.
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